Single-frequency signal will generate countless sideband radiation at the harmonic frequencies through the time-modulated array (TMA). Due to the negative impact on the other RF systems, the sideband radiation is usually suppressed. However, this paper focuses on the use of the sideband radiation and the technology of phase-controlled multi-beam scanning, which is based on the countless sideband radiation at the harmonic frequencies. The sideband beam pattern was optimized by the differential evolution algorithm, and the multi-beam scanning technique was realized based on phase weighting to achieve spatial multi-target scanning orientation in a 16-element uniform linear TMA by numerical simulation. Simultaneously the ultra-low sidelobe (SLL) of -40dB and null beamforming of -70dB were realized to suppress the interference.
INTRODUCTION
The phased array is widely used in radar and sonar due to the advantages of being easy to implement low sidelobes, narrow beams, and flexible phase-controlled beam scanning. In 1959, H.E. Shanks and R.W. Bickmore applied the time modulation technology to the antenna design [1] . In 1963, W.H. Kummer and A.T. Villeneuve, for the first time combined the time modulation technique with the antenna array in an 8-unit linear array [2] . The experiment by Liang W has achieved a low sidelobe level of -39.5dB through periodically controlling the ON-OFF states of the high-speed switches in the RF front end. The major advantage of the TMA is that it can obtain a very large dynamic range of the amplitude excitation through a simple periodical ON-OFF modulation to the RF elements, which is difficult from the traditional array [3] . The TMA can increase the design freedom of the phase-controlled array. Compared to the control of phase and amplitude, the control of the switch sequence can be more accurate and convenient. So many experts and scholars start to research the TMA.
In recent years, some intelligent optimization algorithms have been widely applied to the optimization of time-modulated array pattern, especially for the sidelobe suppression, such as differential evolution (DE) [4] , simulated annealing (SA) [5] , genetic algorithm (GA) [6] . The differential evolution algorithm is a global optimization algorithm based on population. The population space is searched by the change of individuals and the variable is optimized by the greedy competition mechanism so as to find the optimal solution. When it comes to sideband radiation in TMA, the usual method is to suppress through various means. However, in this paper we focus on the use of the sideband radiation instead of suppressing. A technology of phase-controlled multi-beam scanning based on the countless sideband radiation at the harmonic frequencies is presented. In addition, in order to get better performance, the realization of ultra-low sidelobe and nulling is necessary.
The paper is organized as follows. Section 2 gives the theory of the proposed method. In Section 3, numeric simulations are provided to examine the feasibility of the proposed method. Section 4 gives the conclusions.
THEORY

Time-modulated Array
Considering an N-element uniform linear TMA with element spacing d, it is shown in the Figure 1 . The far field radiation expression [2] is (1) where is the element radiation factor, is the center frequency, is the excitation amplitude of the n th element, is the phase of the excitation of the n th element, represents the RF switching function of the n th element within a time modulation period . After Fourier expansion the equation (1) can be expressed as (2) where is the modulation frequency, is the q th harmonic component of the n th element.
Single-frequency signal is decomposed into a center frequency and countless of harmonic frequencies in the frequency domain. The far-field expression of the q th sideband is
Therefore, the expression of any side-frequency signal can be calculated by giving the time-modulated switching function . Then we can analyze the harmonic signal and optimize the sideband beam pattern.
Multi-beam Scanning Based on Phase Weighting
Determine a kind of periodic RF switching function shown in Figure 2 . 
Center frequency signal is expressed as:
From the equation (7) and (8), it can be seen that the directivity of the radiation pattern at the center frequency is determined only by the static phase excitation , and the phase of each element determines the directivity of the main beam. The principle of conventional phased array beam scanning is to change the array phase to realize the beam scanning. However, the beam of the q th harmonic radiation pattern is related to the start time and the turn-on time of the RF switch in addition to the static phase excitation. Even if the static phase excitation is uniformly distributed, the center beam cannot scan. By controlling the switching function we can also realize beam scanning based on phase weighting. When the center frequency beam and sideband beam are scanning at the same time, we can realize multi-target orientation technology. If the main beam at frequency is oriented to and the sideband beam at frequency is oriented to , the static phase excitation, the starting time and the turn-on time must be designed to satisfy the following equation.
(9) (10)
Pattern Optimization with Differential Evolution Algorithm
Ultra-low sidelobe can effectively suppress the interference signals. It is also necessary to add the null technology to further suppress the interference signal. We use the differential evolution algorithm to optimize the sidelobe and null. From the equation (7) and (8), it can be seen that the sidelobe and null point of the pattern at the center frequency and is determined by the static amplitude excitation and the turn-on time . Therefore, the differential evolution algorithm optimizes the parameters , ) to make the main frequency beam and the harmonic frequency beam achieve the expected sidelobe and null. To achieve the control of the sidelobe and null by differential evolution algorithm, they must be defined in the objective function. We use the absolute value of the difference between highest sidelobe level and the expected sidelobe level as the sidelobe expression in the objective function. The absolute value of the difference between the expected null depth of the given target position and the calculated normalized null depth is used as the null expression in the objective function. The objective function of the differential evolution algorithm can be written as follows. 
where α, β is the weighting factor.
NUMERICAL RESULTS BY MATLAB
In this section, numeric simulations are provided to examine the effectiveness of the proposed method. Considering 16-element uniform linear TMA, the element spacing d is half of the wavelength. Assuming that the carrier frequency is 1.2 GHz, the expected sidelobe level is -40dB and the expected null depth is below -70dB both at -45°, the first sideband at 45°-60° gets a broad null and the main beam scan to 30°, the first sideband beam scan to -10°. The result of differential evolution is as follows.
The Figure 3 and Figure 4 show the result of the optimization. After 3000 generations the DE algorithm has converged. It is clear that the main beam and the first sideband beam have a directivity of 30° and -10° and both of them have a low sidelobe level of -40dB. In addition, there is an evident null at -45° for the main beam and the first sideband beam and a broad null for the first sideband beam. These results are almost consistent with the expected. Figure 5 gives the values of the amplitude and phase of each element and Figure 6 gives the sequence of the RF switch. 
CONCLUSIONS
In this paper a technology of phase-controlled multi-beam scanning based on the sideband radiation at the harmonic frequencies for TMA is proposed. Using the DE algorithm to optimize the sidelobe and null, we have achieved a low SLL of -40dB and null of -70 dB in a 16-element uniform linear TMA. However, the range and the efficiency of multi-beam phased scanning for TMA requires further research in the future.
